Desmosomes and adherens junctions are intercellular adhesive structures essential for the development and integrity of vertebrate tissue, including the epidermis and heart. Their cell adhesion molecules are cadherins: type 1 cadherins in adherens junctions and desmosomal cadherins in desmosomes. A fundamental difference is that desmosomes have a highly ordered structure in their extracellular region and exhibit calcium-independent hyperadhesion, whereas adherens junctions appear to lack such ordered arrays, and their adhesion is always calcium-dependent. We present here the structure of the entire ectodomain of desmosomal cadherin desmoglein 2 (Dsg2), using a combination of smallangle X-ray scattering, electron microscopy, and solution-based biophysical techniques. This structure reveals that the ectodomain of Dsg2 is flexible even in the calcium-bound state and, on average, is shorter than the type 1 cadherin crystal structures. The Dsg2 structure has an excellent fit with the electron tomography reconstructions of human desmosomes. This fit suggests an arrangement in which desmosomal cadherins form trans interactions but are too far apart to interact in cis, in agreement with previously reported observations. Cadherin flexibility may be key to explaining the plasticity of desmosomes that maintain tissue integrity in their hyperadhesive form, but can adopt a weaker, calcium-dependent adhesion during wound healing and early development.
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cadherins | desmosomes | adhesion | small-angle X-ray scattering | structure V ertebrate tissues contain two principal types of adhesive intercellular junctions: adherens junctions (AJs) and desmosomes. AJs are involved in dynamic cell interactions in development and disease, whereas desmosomes are responsible for strong adhesion in epithelia and cardiac muscle (1, 2) . Both types of intercellular junction are essential for development and normal tissue homeostasis. Their adhesion is mediated by cadherins: type 1 cadherins in AJs and desmosomal cadherins (desmogleins and desmocollins) in desmosomes. A conundrum arises because the extracellular (EC) domains of type 1 cadherins form regular arrays in crystals and when inserted into liposomes (3, 4) , but such arrays have not been observed in AJs in vivo. In contrast, desmosomes exhibit ordered arrays of the EC domains in vivo (5) . In functional terms, the ordered array in desmosomes is associated with strong, calcium-independent adhesion, known as hyperadhesion, which can revert rapidly to a less organized, calcium-dependent form on tissue wounding (6, 7) . AJs, in contrast, are always calcium-dependent (8, 9) .
The desmosomal cadherins, desmogleins 1-4 (Dsg1-Dsg4) and desmocollins 1-3 (Dsc1-Dsc3), are transmembrane glycoproteins with ectodomains made of five extracellular cadherin domains (EC1-EC5). Malfunction of these proteins results in serious pathologies (10) . Dsg2 is the most ubiquitous desmosomal cadherin, expressed in all desmosome-forming tissues including epithelia, myocardium, and lymph nodes (11) . Dsg2 is highly expressed in melanoma cells (12) , and mutations in Dsg2 are lethal in familial arrhythmogenic right ventricular dysplasia (13) . Sequence similarity suggests that desmosomal cadherins have a domain structure similar to that of type 1 cadherins (6). However, structural information on the 3D architecture of Dsgs and Desmocollins (Dscs) is still lacking, which limits the understanding of their specific role in desmosomal adhesion and dynamics.
We report here the first structural and biophysical characterization, to our knowledge, of the entire ectodomain of Dsg2. We show that this ectodomain has significant conformational interdomain flexibility even in its calcium-bound form, providing a structural basis for desmosomal plasticity. The structure is shorter than the extended conformations reported for X-ray structures of type 1 cadherins and shows an excellent fit with the electron tomography (ET) of human desmosomes (14) , which is consistent with the lack of cis interactions observed for desmosomal cadherins (15) .
Results and Discussion
The full-length ectodomain (EC1-EC5) of mouse Dsg2 (mDsg2) was expressed in Chinese hamster ovary (CHO) cells and purified to homogeneity (Fig. S1) . N-linked glycosylation of purified mDsg2 was confirmed by mobility shift in SDS/PAGE after treatment with peptide-N-glycosidase F (PNGase F) (Fig. S1 ). Size-exclusion chromatography with multiangle light scattering (SEC-MALLS) showed mDsg2 as monodisperse and monomeric in solution, with a molecular mass of 68 kDa (Fig. S1 ). This mass represents an excess of 5 kDa over the value calculated from the protein sequence alone (63 kDa) and is consistent with two or three N-glycans, depending on their composition.
Hydrodynamic parameters for mDsg2 with or without added Ca 2+ were determined using analytical ultracentrifugation (AUC) and SEC/MALLS (Fig. 1A and Fig. S1 ). Samples with added Ca 2+ will be referred to here as Dsg2-Ca, and samples without
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We present here an entirely novel concept in the field of cellcell adhesion, whereby the flexibility of the extracellular domains of cadherin molecules determines the characteristics and behavior of intercellular junctions. The structure of the ectodomain of the desmosomal cadherin desmoglein 2 shows it is flexible in its calcium-bound form. This flexibility of the desmosomal cadherin ectodomains may be key in facilitating a unique property of desmosomes: the ability to switch from strong calcium-independent hyperadhesion in adult tissues to weaker calcium-dependent adhesion in wounds.
as Dsg2-EDTA. Sedimentation velocity profiles showed welldefined peaks for either sample (Fig. 1A) , with sedimentation coefficients of 3.49S (Dsg2-Ca) and 3.91S (Dsg2-EDTA). Hydrodynamic radius (R h = 4.6 nm) and frictional ratio (f/f 0 = 1.7) indicate that Dsg2-Ca is anisotropic and behaves as a prolate particle. In contrast, Dsg2-EDTA has a more compact shape (R h = 4.1 nm, f/fo = 1.54). The different sedimentation and elution profiles indicate that both forms are clearly distinct in shape and hydrodynamic behavior ( Fig. 1 and Fig. S1 ). Hydrodynamic parameters were consistent with observations of both forms under negative staining electron microscopy (EM) ( Fig. 1 B and C and Fig. S2 ). The Dsg2-Ca form showed significant conformational variability, with molecules adopting a number of more or less extended different conformations (L-shaped, S-shaped, rod-like) (Fig. 1C) . In the Dsg2-EDTA form, almost all molecules (97%) appeared compact ( Fig. 1B and Fig.  S2 ). Average contour lengths (19.2 nm) and end-to-end/contour length ratios (0.8) for Dsg2-Ca are consistent with individually elongated, but not completely extended, particles (Fig. S2) . The molecular shape and particle dimensions of mDsg2 in solution were investigated by small-angle X-ray scattering (SAXS). Measurements were collected on both Dsg2-Ca and Dsg2-EDTA samples. Estimates of the radius of gyration (R g ) were obtained from the Guinier region with PRIMUS (16) , and the maximum dimension (D max ) was obtained from indirect Fourier transformation of the SAXS profiles using GNOM (17) (Fig. 1 D-F) . For Dsg2-EDTA, R g was 40 Å and D max was 140 Å. In contrast, larger values were observed for Dsg2-Ca, with an R g of 51 Å and a D max of 175 Å (Fig. S1D ). These data indicate that mDsg2 is more extended in the presence of calcium while being shorter and compact in the absence of calcium, thus confirming the hydrodynamic analysis.
The probable atom-pair distribution function p(r) (Fig. 1D ) is also consistent with shape differences for both samples. Dsg2-EDTA presents a broad symmetrical curve with a maximum at 40 Å, less than half its D max , suggesting the molecule adopts a compact oblate shape. The Dsg2-Ca curve shows clear asymmetry, typical of elongated molecules. The Kratky-Debye plots (Fig. S3A) show that in both cases, the protein is folded, but the Dsg2-Ca plot plateaus at higher q, indicating greater flexibility. In agreement with these observations, the lack of a clear plateau in the Porod-Debye plot for the Dsg2-Ca data also indicates flexibility of the particles compared with the equivalent plot for the Dsg2-EDTA data (Fig. S3B ). Porod exponents of 2.6 and 2.9 for Dsg2-Ca and Dsg2-EDTA, respectively, suggests a more compact shape in the absence of calcium, which is supported by an increase in cross-sectional radius from 22.4 to 24.3 Å.
Particle shapes were restored ab initio from the experimental scattering profiles in DAMMIN (18), using q < 0.24 Å −1 . An averaged filtered envelope was then produced with DAMAVER (19) ( Fig. 1 E and F) . Averaged envelopes have dimensions of 126 × 60 × 40 Å for Dsg2-EDTA and 173 × 40 × 30 Å for Dsg2-Ca, matching the dimensions estimated from EM (Fig. S2 ). Calculated hydrodynamic parameters of the ab initio models, with R g values of 4.4 and 4.9 nm and sedimentation coefficients of 3.6S and 3.4S for Dsg2-EDTA and Dsg2-Ca, respectively, are also in good agreement with the experimental parameters (Fig. S1 ).
The conformational flexibility was investigated using the ensemble optimization method (EOM) (20) on a pool of 10,000 models generated from the five individual EC domains of (Fig. 2B) . As expected, the Dsg2-EDTA EOM analysis shows a distribution that is much narrower than the initial pool and shifted toward compact forms, with an average R g of 40.4 Å and D max of 132.03 Å for the final ensemble ( Fig. 2A and Fig. S4 ), and with χ 2 = 1.18 (χ 2 free = 1.22). The models selected by EOM are quite compact and bent at the interdomain linkers (Fig. 2C) .
Nevertheless, an in-depth analysis of the EOM results shows that a large proportion of models in the ensembles are inconsistent with the experimental hydrodynamic data. This is readily apparent when plotting the calculated R g versus sedimentation coefficients for each of the 10,000 models generated by EOM, where only a small number of models have values consistent with the sharp distribution of s observed experimentally (Fig. 3A) . In particular, the EOM distributions of both Dsg2-Ca and Dsg2-EDTA show peaks for models with R g values around 45 Å (Fig. 2A) , but their corresponding s values fall completely outside the range of measured s values (Fig. 3A) .
A novel approach was adopted to address this inconsistency, where subsets of conformers for Dsg2-Ca and Dsg2-EDTA were selected on the basis of their calculated sedimentation coefficients and then fitted to experimental SAXS profiles. One subset was selected from the initial EOM pool of 10,000 random models (Fig. 3A) . The second subset was selected from a pool of 500 models generated by restrained torsion angle molecular dynamics (TAMD) with crystallography and NMR system (CNS) (21) (Fig. 3B) .
These subsets were used for ensemble analysis, using both GAJOE (20) and the minimal ensemble search (Mes) (22) , as implemented in FoXS (23) . This procedure yielded a narrower distribution of the optimized ensemble (Fig. 3C and Fig. S4 ). The FoXS-Mes analysis identified two main conformers from the filtered EOM subset (with 87% and 13% contributions) and three from the filtered TAMD subset (54%, 18%, and 28%). Both ensembles showed a good fit with the experimental SAXS data, with χ 2 of 1.19 and 1.24, respectively, and χ 2 free of 1.45 and 1.55 (Fig. S4) . The use of experimental hydrodynamic data in combination with multiple approaches to generate molecular models proved a fast and robust way to select stereochemically sound models to describe our SAXS data.
The more elongated type 1 cadherin X-ray structures showed poor agreement with the SAXS profile (χ 2 = 7-8). These structures have a significantly larger R g (>6.4 nm), consistent with their more extended conformations, and are >28% longer than the average ab initio Dsg2 models (Fig. S1) . Clearly, the best fit to our experimental data came from models with a higher degree of interdomain flexibility than that observed in the X-ray structures (3, 24) .
Two factors that differentiate desmosomal from type 1 cadherins may contribute to Dsg2 flexibility: lower degree of glycosylation and poor conservation of calcium binding sites. Glycosylation is an important modulator of rigidity in proteins (25) (26) (27) , and type 1 cadherins are extensively glycosylated, with up to 9 N-and 16 O-glycosylated sites predicted (28, 29) , and 15 observed in cadherin crystal structures (3, 24) . In contrast, desmogleins have fewer predicted N-linked glycosylation sites than classical cadherins. There are five predicted glycosylation sites in hDsg2, three already identified in human cells (30, 31) , four in Dsg3 [two confirmed (30) ], and two in Dsg1 and Dsg4 (unconfirmed). There are four predicted N-glycosylation sites in mDsg2 (Fig.  S1) , with only one confirmed experimentally (31) . Recently, information for O-glycosylation in Dsg2 (three sites) and Dsc2 (one site) has also been reported (28) .
Our molecular mass data are consistent with at least two, or possibly three, N-glycans present in the protein expressed in CHO cells. This limited glycosylation may allow for flexibility, as we observed in our solution studies, and perhaps the same occurs for other desmogleins and desmocollins, although no structural information is yet available for these proteins.
Strict sequence conservation at the interdomain linkers of type 1 cadherins, containing the DXND/E calcium-binding motifs, ensures full octahedral coordination of three Ca 2+ ions (Table S1 and Figs. S5 and S6) . In contrast, Dsgs show several substitutions in these motifs that result in the loss of essential residues for Ca 2+ coordination (Fig. 4A and Fig. S5 and Table S1 ). Predicted Ca 2+ binding sites are more conserved for Dscs, apart from one substitution in hDsc2 (Fig. S5) . In mDsg2, three residue substitutions occur at the EC3-EC4 linker region: N334 to V (or K in hDsg2), Q375 to A, and D424 to S, resulting in the loss of three Ca 2+ -coordinating side chains out of the seven observed in type 1 cadherins (3, 24) (Fig. 4B) . Furthermore, three residues in the EC4-EC5 linker region appear to be too distant for proper Ca 2+ coordination (Fig. 4C) . Human Dsgs1-Dsgs4 also show several substitutions at EC3-EC4 and EC4-EC5 linker regions (Fig. 4A and Fig. S5 ). This weaker coordination will affect the Ca 2+ -binding affinity and result in enhanced interdomain flexibility of these molecules. Our conclusion is also consistent with the well-established concept that Ca N-cadherin, which has a Ca 2+ -free interdomain linker between EC2 and EC3 (34) .
The Dsg2-Ca ab initio model was docked into the ET map of the human desmosome (14) . This gave an excellent match with the 3D architecture of the desmosome (Fig. 5 ). An array generated from the fitted models ( Fig. 5 and Fig. S7 ) reveals a clear midline ( Fig. 5D and Movie S1), as observed in EM images of desmosomes (6) . The fitting indicates clear trans-dimer interactions across the midline region, extending along parallel rows, separated by deep valleys. However, cis interactions are not possible across the rows or columns because distances between them are too great (57 and 64 Å, respectively) (Fig. 5) . This argues strongly against a model in which trans and cis interactions combine to form a zipper-like structure along the midline, as observed in the crystal structures of type 1 cadherins. Instead, we propose a model for the desmosome architecture in which parallel rows of Dsgs or Dscs form only trans interactions across the midline (Fig. 5 and Fig. S7 ). Importantly, this new model reconciles the structural data (14) with the experimental evidence that desmosomal cadherins, in desmosome-forming cells, form homophilic isoform-specific interactions in trans, with no evidence of cis interactions (15) . Although there are no cis interactions, it is possible that at the midline, trans interactions are enhanced in vivo in some way not represented by the resolution that our techniques afford.
The segregation between Dsgs and Dscs may be related to significant differences in the sequences of their EC1 and EC2 domains, which provide the trans and cis interfaces in type 1 cadherins (35, 36) . Desmosomal cadherins contain the conserved Trp2 in their A-strand and the hydrophobic binding pocket necessary for adhesion via strand-swapped dimerization, as described for type 1 cadherins (35) . However, differences between Dscs and Dsgs in the A-strand trans interface may explain their high isoform specificity observed experimentally (15) . Dsgs contain more basic and acid residues in the A-strand (up to 14 in total) than Dscs (only three acid) or type 1 cadherins (four basic and three acid) (Fig. S5 ). All these residues are surface-exposed, as observed in the structure of the EC1 domain of Dsg2 (PDB ID code 2YQG), and may promote strong ionic interactions between Dsgs, selecting against the less charged interfaces of Dscs.
The A-strand motif Ile-Pro-Pro, conserved in type I cadherins and in Dscs (Pro-Ile-Pro), is absent in Dsgs in which one of the residues is Ala. This motif is important to favor the dissociation of the adhesive group, facilitating strand-swap dimerization. Mutations in this motif (Pro to Ala) increase the affinity of trans homophilic dimers (37) , an idea that aligns well with the hyperadhesion in desmosomes and desmosomal cadherin specificity. Furthermore, adhesion in type 1 cadherins occurs in a twostep mechanism that uses an intermediate X-dimer to facilitate the conversion from monomers to strand-swapped dimers. Conservation of the X-dimer interface is important in controlling the kinetics of this mechanism. This interface is poorly conserved in desmosomal cadherins: the Lys/Arg14 residue conserved in type 1 cadherins is Leu in Dscs and Asp in Dsgs; the Lys14Glu mutation in type 1 cadherins prevents X-dimer formation (38) . Thus, it is reasonable to assume that this intermediate in adhesion is not formed in desmosomal cadherins.
Finally, the cis interface conserved across subtypes of type 1 cadherins is only partially present in the EC1 of desmosomal A B cadherins and is absent in their EC2 domains. This lack of predicted cis interface supports the experimental cross-linking data and the ET models, as discussed earlier. Overall, the flexibility observed for Dsg2 and the significant differences in the adhesion interfaces of desmosomal cadherins suggest a different mechanism for strand-swapped dimerization for these proteins. Although this mechanism remains to be elucidated for desmosomal cadherins, it appears to be driven by specific, homophilic interactions and favors strong adhesion.
Here we present evidence that, as in classical cadherins (32), absence of Ca 2+ causes the ectodomain of Dsg2 to collapse into a compact particle. In the presence of Ca 2+ , that is, under physiological conditions, a substantial conformational change is evident, although it does not result in an extended molecule, as observed for type 1 cadherins (3, 24, 32, 33, (39) (40) (41) (42) . Interdomain flexibility is consistent with the data measured by the different techniques, indicating that the ectodomain of Dsg2 may adopt different conformations significantly shorter than a fully extended molecule. The Dsg2 ectodomain is, on average, 50 Å shorter than the X-ray structures of type 1 cadherins ectodomains (3, 24) , but it agrees with the dimensions reported for human desmosomes (14) . That study estimated an average intermembrane distance of 350 ± 30 Å, which is exactly the length of two Dsg2 ectodomains with an average of 175 Å each emanating from opposite cells. In contrast, it is difficult to reconcile with the longer type 1 cadherins (>220 Å) unless substantial overlap at the midline and/or an increase in the intermembrane distance is considered.
We explain this flexibility based on the lack of sequence conservation at two interdomain calcium-binding sites (EC3-EC4 and EC4-EC5) that would loosen the conformational rigidity observed in classical cadherins, which have full occupancy of Ca 2+ in all sites. These unexpected findings explain, at least in part, a fundamental unsolved question and crucial difference in in vivo behavior between desmosomes and AJs. Thus, in vivo, where cadherin ectodomains are constrained by their membrane insertion and cytoskeletal attachment, type 1 cadherin ectodomains may be unable to undergo the conformational changes needed to adopt an ordered arrangement. In contrast, desmosomal cadherin ectodomains, being flexible, can pack into ordered arrays, despite their basal attachments. Furthermore, the highly regular architecture of the desmosomal plaque (43) (44) (45) may determine the spacings between rows of desmosomal cadherins, resulting in the ordered arrays observed in vivo in a way that is incompatible with ectodomain cis interactions. We believe this flexibility is key to the unique plasticity and dynamic properties of desmosomes. Their hyperadhesive state is essential in maintaining tissue integrity but can switch to the unordered state when required.
Materials and Methods
The ectodomain of mDsg2 (residues 1-560) was expressed in mammalian CHO cells with a C-terminal His 6 -tag and purified by Ni-NTA affinity chromatography, followed by SEC, in 20 mM Tris·Base at pH 8.0, 0.5 M NaCl, 1 mM EDTA, with or without added 5 mM CaCl 2 . SEC-MALLS and AUC data on purified mDsg2 were collected on a Wyatt Helios 18-angle laser photometer and a Beckman Optima XL-A ultracentrifuge, respectively. Samples for EM were prepared on carbon-filmed 400-mesh copper grids and stained with 1.25% (wt/vol) uranyl acetate. Low-dose images (<10 e/Å 2 ) were obtained on an FEI Tecnai 12 twin-electron microscope at 120 keV. Images were recorded at a magnification of ×42,000 on a 2,000 × 2,000-pixel cooled CCD camera. SAXS measurements were collected on the I22 beam line at Diamond Light Source at a distance of 2.5 m, using an X-ray wavelength of 0.1 nm. Analyses were done with the ATSAS package (46), Scatter (47) , and the FoXS server (23) . Particle shapes were restored ab initio with DAMMIN (18) , and molecular models with multiple interdomain conformations were generated using EOM (20) and by restrained TAMD in CNS (21) . Hydrodynamic parameters were calculated with SoMo (48) . DAMMIN Dsg2-Ca models were docked into six positions on the EM tomography map of native human epidermal desmosomes (EMData Bank 1374) (14) and used to derive a regular array. Images of the molecular docking were produced with PyMol (49) and Chimera (50) . Further details are given in SI Materials and Methods.
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